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ABSTRACT 



Modifications in the sequence of Aequorea wild-type GFP 
provide products having markedly different excitation and 
emission spectra from corresponding products from wild- 
type GFP. In one class of modifications, the product derived 
from the modified GFP exhibits an alteration in the ratio of 
two main excitation peaks observed with the product derived 
from wild-type GFP. In another class, the product derived 
from the modified GFP fluoresces at a shorter wavelength 
than the corresponding product from wild-type GFP. In yet 
another class of modifications, the product derived from the 
modified GFP exhibits only a single excitation peak and 
enhanced emission relative to the product derived from 
wild-type GFP. 
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MODIFIED GREEN FLUORESCENT filter sets and is resistant to photobleaching, but has lower 

PROTEINS amplitude than the shorter wavelength peak at 395 nm, 
which is more susceptible to photobleaching [Chalfle et al. 

This invention was made with Government support (1994). supra]. For all these reasons, it would clearly be 

underGrantNo.NS27177,awardedbytheNationalInstitute 5 advantageous to convert theAequorea GFP excitation spec- 

of Health. The Government has certain rights in this inven- trum to a single peak, and preferably at longer wavelengths, 

tion. Accordingly, it is an object of the present invention to 

provide improved fluorescent proteins which do not suffer 

BACKGROUND OF THE INVENTION from ^ dmAM ^ t of nat{v e Aequorea GFP. 

This invention relates generally to the fields of biology 10 „ „ _™^ T 

andchemis^.Morepardcularly.meinventionisdirectedto SUMMARY OF THE INVENTION 

modified fluorescent proteins and to methods for the prepa- j„ accor da nce w j m the present invention, it has been 

ration and use thereof. determined that particular modifications in the polypeptide 

In biochemistry, molecular biology and medical 15 sequence of an Aequorea wild-type GFP [SEQ ID NO:2] 

diagnostics, it is often desirable to add a fluorescent label to lead to formation of products having markedly different 

a protein so that the protein can be easily tracked and excitation and emission spectra from corresponding prod- 

quantified. The normal procedures for labeling requires that ucts derived from wild-type GFP. Visibly distinct colors 

the protein be covalently reacted in vitro with fluorescent and/or increased intensities of emission make these products 

dyes, then repurified to remove excess dye and any damaged 2Q useful in a wide variety of contexts, such as tracking of 

protein. If the labeled protein is to be used inside cells, it differential gene expression and protein localization, 
usually has to be microinjected; this is a difficult and 

time-consuming operation that cannot be performed on large BRIEF DESCRIPTION OF THE DRAWINGS 

Z^^^^T^^t^t „ Theinvenfionmaybebeuerunderstoodwithreferenceto 

protein of interest with the sequence for a naturally fluores- 25 accompanying drawings, in which: 

cent protein, then expressing the fusion protein. FIG. 1 compares different versions of GFP by gel elec- 

The green fluorescent protein (GFP) of the jellyfish trophoresis and Coomassie blue staining; 

Aequorea victoria is a remarkable protein with strong visible FIG. 2 illustrates a proposed biosynthetic scheme for 

absorbance and fluorescence from a p-hydroxy- 30 GFP; 

benzylideneimidazolone chromophore, which is generated FIGS. 3a and 3b illustrate the excitation and emission 

by cyclization and oxidation of the protein's own Ser-Tyr- spectra of wild-type and a first group of mutant GFPs; 

Gly sequence at positions 65 to 67. A cDNA sequence [SEQ FIGS. 4a and 4b illustrate the excitation and emission 

ID NO: 1] for one isotype of GFP has been reported [Prasher, spec tra of wild-type and a second group of mutant GFPs; 

D.C. et al.. Gene 111, 229-233 (1992)]; cloning of this 35 ^ g ^ ^ of fluorophore formation in the 

cDNA has enabled GFP expression in different organisms. GFP and the Ser 65-»Thr mutant; and 

The finding that the expressed protein becomes fluorescent . .„ t . . . • „ f ,„ ; , H wriip 

in cellsfromawide variety of organisms [Chalfle, M. et al, ^ T t ^TlSSS 

Science 263. 802-805 (1994)] makes GFP a powerful new and the Ser 6S-*Thr mutant respectively, upon progressive 

tool in molecular and cell biology and indicates that the w "radiation with ultraviolet Jignt. 
oxidative cyclization must be either spontaneous or depen- 
dent only on ubiquitous enzymes and reactants. 

A major question in protein photophy sics is how a single 

chromophore can give widely different spectra depending on GFP was expressed in E. coli under the control of a T7 

its local protein environment This question has received the 45 promoter for quantitative analysis of the properties of the 

most attention with respect to the multiple colors of visual recombinant protein. Gel electrophoresis under denaturing 

pigments based on retinal [Merbs, S. L. & Nathans, J. conditions showed protein of the expected molecular weight 

Science 258, 464-466 (1992)], but is also important in GFP. (27 kDa) as a dominant band (FIG. 1), which could be 

The GFP from Aequorea and that of the sea pansy Renilla quantified simply by densitometry of staining with Coo- 

reniformis share the same chromophore, yet Aequorea GFP 50 massie blue. Soluble recombinant GFP proved to have 

has two absorbance peaks at 395 and 475 nm, whereas identical spectra and Ihe same or even slightly more fluo- 

Renilla GFP has only a single absorbance peak at 498 nm, rescence per mole of protein as GFP purified from Aequorea 

with about 5.5 fold greater monomer extinction coefficient victoria, showing that the soluble protein in E. coli under- 

than the major 395 nm peak of the Aequorea protein [Ward. goes correct folding and oxidative cyclization with as high 

W. W. in Biohtminescence and Chemiluminescence (pis. 55 an efficiency as in the jellyfish. 

DeLuca, M. A. & McElroy, W. D.) 235-242 (Academic The bacteria also contained inclusion bodies consisting of 

Press, New York, 1981)]. The spectra of the isolated chro- protein indistinguishable from jellyfish or soluble recombi- 

mophore and denatured protein at neutral pH do not match riant protein on denaturing gels (FIG. 1). However, this 

the spectra of either native protein [Cody, C. W. et al., material was completely non-fluorescent, lacked the visible 

Biochemistry 32, 1212-1218 (1993)]. 60 absorbance bands of the chromophore, and could not be 

For many practical applications, the spectrum of Renilla made fluorescent even when solubilized and subjected to 

GFP would be preferable to that of Aequorea, because protocols that renature GFP [Ward, W. W. & Bokman, S. H, 

wavelength ^crimination between different fluorophores Biochemistry 21, 4535-4540 (1982); Surpin, M. A. & Ward, 

and detection of resonance energy transfer are easier if the W. W, Photochem. Photobiol. 49, Abstract 25S (1989)]. 
component spectra are tall and narrow rather than low and 65 Therefore, protein from inclusion bodies seemed perma- 
broad. Furthermore, the longer wavelength excitation peak nently unable to generate the internal chromophore. An 

(475 nm) of Aequorea GFP is almost ideal for fluorescein interesting intermediate stage in protein maturation could be 
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generated by growing the bacteria anaerobically. The soluble polypeptide after oxidation and cyclization; however, refer- 

protein again looked the same as GFP on denaturing gels ence is sometimes made for sake of simplicity herein to the 

(FIG. 1) but was non-fluorescent. In this case, fluorescence polypeptide (e.g.. "wild-type GFP" or "modified GFP") 

gradually developed after admission of air. even when fresh where what is intended would be obvious from the context, 
protein synthesis was blocked using puromycin and tetra- 5 Compared with wild-type GFP. H9 (Ser 2Q2-»Phe. Thr 

cycline. Evidently, the soluble non-fluorescent protein syn- 203->De) had increased fluorescence at 395 nm excitation; 

thesized under anaerobic conditions was ready to become p!) & W7->VU) and Pll (He 167->Thr) were more fluo- 

fluorescent once atmospheric oxygen was reamitted. The rescent at 475 11111 excitation. 

fluorescence per protein molecule approached its final Or* possibility for these spectral perturbations in P9 and 

asymptotic value with a single-exponential time course and 10 PU is me mutations at He 167 shift a positive charge 

a rate constant of 0.24±0.06 hr" 1 (at 22° C) measured either doser to me phenolic group of the fluorophore; this 

in intact cells with protein-synthesis inhibitors or in a lysate should both increase the percentage of phenohc anion 

in which the soluble proteins and cofactors were a thousand which 18 P robabl y ** species responsible for the 470-475 

fold more dilute. Such pseudo-first order kinetics strongly excitation P eak - and shlft th _ e e ™f °" peak hypsochro- 

suggest that no enzymes or cofactors are necessary for the 15 Kovwtr. the hypomesrzed lomzable phenolic 

final step of fluorophore formation in GFP. & oa P would have t0 be buned inslde the P rotem at normal 

„ . \. Jx ^ , pH. because the ratio of 471 to 396 nm peaks in the mutants 

It has thus been determined that formation of the final ? ^ be ^ ^ mm ft was 

fluorophore requires molecular oxygen and proceeds m J f denaturation. The 

wild-type protein with a time constant of -4 h at 22° C. and H . sensitivit ^ rf wild GFp „ similar [Ward . w . W- et 

atmospheric pO,. This was independent of dilution imply- » ^ pho J£ L 35 . 803 _ 808 (1982)] . . 

ing that the oxidation does not require enzymes or cofactors. . . . . ' , 

s ... . . ' . „ „ , According to another aspect of the invention, a fourth 

A molecular interpretation is presented in FIG. 2. If the mutant p4 ^ 66 ^ ffis) was idcn tified which was excitable 

newly translated apoprotein (top left) evades precipitation b ultraviolet and fluoresced bright blue in contrast to the 

into inclusion bodies the amino group of Gly 67 might of wjld ^ tein The excitation and emission 

cychze onto the carbonyl group of Ser 65 to form an maxjma wefe hypS0cbf0Imcallv shifted by 14 ^ 60 nm 

imidazohdm-5-one. where the process would stop (top respectively from those of wild-type GFP. The mutated DNA 

center) if 0 2 is absent. The new N=C double bond would was nced and found t0 BoaMa flve ^ acid 

be expected to promote dehydrogenation to form a conju- substmmons , only one of which pr 0ved t0 be 

gated chromophobe; inndazohdin-5-ones are indeed known replacemcnt ofTyr 66 in me center of the chromophore by 

to undergo autoxidative formation of double bonds at the Ris (co ndi to a change in me GFP cDNA sequence 

i Kjaer - A " o Ct " Ckem r, Scand - ? - 10 ?°- 10 o 35 [SEQ ID NO:l] af 196^198 from TAT to CAT). 

SSlS ^Tl9ffi)] wSc^TsTacSy what tle^Xo ™ e SUrprising tolenmCe f ° r substitution at kev resi " 

complete the fluorophore (upper right) The protonated and j£ ^^pSon. T^avf eSr^eSs^J 

2S^Hf^^^^fflK™ wavelengmsmtermediatebeLenTyraBdHisCTable^but 

s ble forthe 395 and 470-475 nm excitation peaks, respec- ^ ^, fluorescent, perhaps due to inefficiency of 

uvely The excited states of phenols are much more acidic * chr o m ophore formation due to steric consider- 

ttian their ground stotes. so that emission would come only ations 8 phe £ dMle fluorescence . Accordul gly. 

from a deprotonated species. 4o pursuam {o ^ rf me invemion modified GFp 

The Aequorea GFP cDNA was subjected to random prote ins which fluoresce at different wavelengths 

mutagenesis by hydroxylamine treatment or polymerase (preferably, different by at least 10 nm and more preferably, 

chain reaction. Approximately six thousand bacterial colo- by at least 50 nm) relative to the native protein are provided, 

nies on agar plates were muminated with alternating 395 and f or eM mple, those wherein Tyr 66 is replaced by His or Trp. 

475 nm excitation and visually screened for altered excita- 45 t0 yet another ^ of me 

tion properties or emission colors. modified GFP proteins are provided which provide substan- 

According to a first aspect of the present invention, tially more intense fluorescence per molecule than the wild 

modifications are provided which result in a shift in the ratio type protein. Modifications at Ser 65 to Ala. Leu. Cys. Val. 

of the two excitations peaks of the product after oxidation rj e or Thr provide proteins with red-shifted and brighter 
and cyclization relative to the wild type. Three mutants were 50 spectra relative to the native protein. In particular, the Thr 

found with significant alterations in the ratio of the two main mutant (corresponding to a change in the GFP cDNA 

excitation peaks (Table I). The mutations were sequenced sequence [SEQ ID NO:l] at 193-195 from TCT to ACT) 

and recombined with the wild-type gene in different ways to and Cys mutant (corresponding to a change in the GFP 

eliminate neutral mutations and assign the fluorescence cDNA sequence [SEQ ID NO:l] at 193-195 from TCT to 
effects to single amino acid substitutions, except for H9 55 TGT) are about six times brighter than wild type when 

where two neighboring mutations have not yet been sepa- excited at the preferred long-wavelength band above 450 

rated. They all lay in the C terminal part of the protein (Table nm. As a consequence, these modified proteins are superior 

I). remote in primary sequence from the chromophore to wild type proteins for practically all applications. Further, 

formed from residues 65-67. the brightness of these modified proteins matches the bright- 

These and other modifications are defined herein with 60 ness reported in the literature for Renilla GFP; thus, these 

reference to the amino acid sequence [SEQ ID NO:2] proteins clearly obviate the objections to the dimness of 

encoded by the reported cDNA [SEQ ID NO:l]; the first Aequorea GFP. In fact, it is speculated that the chro- 

amino acid identified is the one found at the indicated mophores in these modified proteins may exhibit the opti- 

locationin the reported sequence, while the second indicates mum brightness which could be achieved with a general 
the substitution found in the modified form. The fluorescent 65 structure derived from the Aequorea GFP chromophore. In 

product derived from a wild-type or modified GFPpolypep- particular, these mutations provide products exhibiting one 

tide sequence is no longer strictly speaking a simple or more of the following salient characteristics which dis- 
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tinguish them clearly over the corresponding product from a tides of interest, e.g.. by the construction of genes encoding 
wild-type GFP: reduced efficiency of excitation by wae- fluorescent fusion proteins. Fluorescence labeling via gene 
lengths between about 350 and 420 nm; enhanced excitation fusion is site-specific and eliminates the present need to 
and emission efficiency when excited with wavelengths purify and label protems m vitro and microinject them into 
longer than about 450 nm; increased resistance to light- 5 cells. Sequences encoding the modified GFPs of the present 
induced shifts in the excitation spectrum; and faster kinetics invention may be used for a wide variety of purposes as are 
of fluorophore generation. In contrast, mutations to Tip, Arg. we]1 ^own to those working in the field. For example, the 
Asn. Phe and Asp did not provide improved brightness. seque nces may be employed as reporter genes for monitor- 
As would be readily apparent to those working in the j n g the expression of the sequence fused thereto; unlike 
field, to provide the desired fluorescent protein it would not 10 ome r reporter genes, the sequences require neither substrates 
be necessary to include the entire sequence of GFP. In nor ceil disruption to evaluate whether expression has be 
particular, minor deletions at either end of the protein achieved. Similarly, the sequences of the present invention 
sequence are expected to have little or no impact on the may be used as a means to (race lineage of a gene fused 
fluorescence spectrum of the protein. Therefore, by a mutant thereto during the development of a cell or organism 
or wild-type GFP sequence for purposes of the present 15 Further, the sequences of the present invention may be used 
invention are contemplated not only the complete polypep- as a genetic marker; cells or organisms labeled in this 
tide and oligonucleotide sequences discussed herein, but manner can be selected by, e.g.. fluorescence-activated cell 
also functionally-equivalent portions thereof (Le., portions sorting. The sequences of the present invention may also be 
of the polypeptide sequences which exhibit the desired use d as a fluorescent tag to monitor protein expression in 
fluorescence properties and oligonucleotide sequences 20 v ivo, or to encode donors or acceptors for fluorescence 
encoding these polypeptide sequences). For example, resonance energy transfer. Other uses for the sequences of 
whereas the chromophore itself (position 65-67) is obvi- the present invention would be readily apparent to those 
ously crucial, the locations of known neutral mutations working in the field, as would appropriate techniques for 
suggest that amino acids 76-115 are less critical to the fusing a gene of interest to an oligonucleotide sequence of 
spectroscopic properties of the product. In addition, as 25 me prese nt invention in the proper reading frame and in a 
would be immediately apparent to those working in the field, suitable expression vector so as to achieve expression of the 
the use of various types of fusion sequences which lengthen combined sequence. 

the resultant protein and serve some functional purpose in ^ availabi]ity of several forms of GFP with such 

the preparation or purification of the protein would also be meient ^ ^es should facilitate two-color 

routine and are contemplated as within the scope of the 3 o assessment of differential gene expression, developmental 

present invention. For example, it is common practice to add f ate Qr m fraffickijlg . For examp i e , jf onc wallted t0 

amino add sequences including a polyhistidine tag to facili- amea fo[ a ^ ^ fa ^ tQ flctivate ion of 

tate purification of the product proteins. As such fusions do A but m * ne fi one could ^ ^ cD £ A for one 

not significantly alter the salient properties of foe molecules ^ of GFp tQ mc promoter reg j on rf geM A ^ ^ me 

comprising same, modified GFPs as described herein includ- 35 cDNA for anothcr coIor tQ ^ oter K g oa of B 

ing such fusion sequences at either end thereof are also Both constructs would be transfected into target cells and the 

clearly contemplated as within the scope of the present ^ ^ fce ^ tQ determine tf ^ 

invention. stimulate fluorescence of the desired color, but not fluores- 

Similarly. in addition to the specific mutations disclosed C ence 0 f the undesired color. Similarly, one could test for the 

herein, it is well understood by those working in the field 40 simultaneous expression of both A and B by searching for 

that in many instances modifications in particular locations me presence 0 f both colors simultaneously, 
in the polypeptide sequence may have no effect upon the 

properties of the resultant polypeptide. Unlike the specffic ^"SSStaWw een thT^aCorSon of 

mutations describedm^^ ^^^^Y^^^JJ^Sl 

poypepudeswluch have properties essentially or subsuin- 45 one could fuse genes for different colors of GFP to the genes 

tiaUy moistmgmshable from those of the specific polypep- s * ^ tivel K desircd- *, NA 

tides disclosed herem For example the foUowmg substitu- ^ ^ ^ coM be 

bons have been found to be neutral (i.e have no significant £ drf ^ ^ ^ ^ d 

225^r; and Lys 238->Glu. These equivalent polype ^X^^l^Zf^Tl^Z 

tides (and oligonucleotide sequences encoding these ^ rf ^ 

present invention. In general, the polypeptides and ohgo- hadto etwo te sets of ^ of e ach 
nuc eotide sequences of the present invention (,n addition to 55 contamin ^ ust one col ^ of GFPfu sed to either protem X or 
contauung at leas one of the specific mutations identified 0mer rf me uMess rf ^ ^ fae 
herein) will be at least about 85% homologous, more pref- „v„-„,„ ♦„ tU ™ , U ii»i «,» „.* 
erably at least about 90% homologous, and most preferably obvious t0 ^ sklUed m ** *• 
at least about 95% homologous, to the wild-type GFP The invention may be better understood with reference to 
described herein. Because of the significant difference in 60 te accompanying examples, which are intended for pur- 
properties observed upon introduction of the specified modi- P<*« of lustration only and should not be construed as in 
fications into a GFP sequence, the presence of the specified «V sense sc °P e of invention as defined by 
modifications relative to the corresponding reported- me daaas appended hereto, 
sequence for wild-type GFP [SEQ ID NO:2] are regarded as _ . 
central to the invention. 65 uxamhji 1 

The oligonucleotide sequences of the present invention The coding region of GFP clone 10.1 [Prasher et al. 

are particularly useful in processes for labelling polypep- (1992), supra] was amplified by PCR to create Ndel and 



5 ? 625 ? 048 



BamHI sites at the 5' and 3' ends, respectively, and was emission spectra were measured with 1.8 nm bandwidths 

cloned behind the T7 promoter of pGEMEX2 (Prbmega) and the non-scanning wavelength set to the appropriate 

replacing most of the T7 gene 10. The resulting plasmid was peak> Excitation spectra were corrected with a rhodamine B 
tansformed into the strain JM109(DE3) (Promega Corp.. ^ MU whu ^ j for Y66w) 

Madison, Wis.), and high level expression was achieved by s 1 . „ . r .. „,.. . 

growing the cultures at 24° C. to saturation without indue- were corrected for monochromator and detector efficiencies 

tion by IPTG. To prepare soluble extracts. 1.5 ml cell u "ag manufacturer-supplied correction spectra. All ampli- 

suspension were collected, washed and resuspended in 150 tudes have been arbitrarily normalized to a maximum value 

ul 50 mM Tris/HCl. pH 8.0. 2 mM EDTA. Lysozyme and of 1.0. A comparison of brightness at equal protein concen- 

DNAse 1 were added to 0.2 mg/ml and 20 ug/ml. aa&aa is provided in Table L 
respectively, and the samples were incubated on ice until 
lysis occurred ( 1-2 hours). The lysates were then clarified by 



lie 167->Val 471 (396) 

He 167-»Thr 471 (396) 
Tjr 66->His 382 
■tyr 66->Tip 458 



jn peak; values in parenthes 
its of protein wereused based on densitometiy of gels stained with Coomassie Bl 



centrifuging at 12.000xg for 15 minutes. Inclusion bodies 
were obtained as described in the literature [Sarabrook. J. et 
al. in Molecular Cloning: A Laboratory Manual Vol. 2. 
17.37-17.41 (Cold Spring Harbor Press. Cold Spring 
Harbor. N.Y.. 1989)]. 

As illustrated in FIG. 1. soluble extracts of E. coli 
expressing GFP show a predominant band which is absent in 
extracts from control cells and has the same electrophoretic 
mobility as native GFP isolated from the jellyfish A. victoria. 
Inclusion bodies of expressing cells consist mainly of non- 
fluorescent GFP which has the same mobility as soluble 
GFP. Non-fluorescent soluble GFP of anaerobically grown 
cultures is also a major band with correct mobility. Soluble 
extracts of the mutated clones H9. P9, Pll and P4 again 
contain a dominant protein with essentially the same 
molecular weight. 

Random mutagenesis of the GFP cDNA was done by 
increasing the error rate of the polymerase chain reaction 
with 0.1 mM MnCl 2 . 50 |iM dATP and 200 uM of dGTP, 
dCTP. and dTTP [Muhlrad. D. et al.. Yeast 8. 79-82 (1992)]. 
The product was ligated into pGEMEX2 and subsequently 
transformed into JM109(DE3). Colonies on agar were visu- 
ally screened for different emission colors and ratios of 
brightness when excited at 475 vs. 395 nm. 

FIGS. 3a and 3b illustrate the excitation and emission 
spectra of wild-type and mutant GFPs. In FIGS. 3a and 3b, 

wild-type; S202F.T203I; 167T; Y66W; 

— • — • Y66H. Samples were soluble fractions from£. coli 
expressing the proteins at high level, except for Y66W, 
which was obtained in very low yield and measured on intact 
cells. Autofluorescence was negligible for all spectra except 
those of Y66W. whose excitation spectrum below 380 nm 
may be contaminated by autofluorescence. Excitation and 



35 EXAMPLE 2 

Oligonucleotide-directed mutagenesis at the codon for 
Ser-65 of GFP cDNA was performed by the literature 
method [Kunkel. T. A. (1985) Proc. Natl. Acad. Sci. USA 82. 

40 488] using the Muta-Gene Phagemid in Vitro Mutagenesis 
Kit version 2. commercially available from Bio-Rad. 
Richmond. Calif. The method employs a bacterial host strain 
deficient for dUTPase (dut) and uracil-N-glycosylase (ung). 
which results in an occasional substitution of uracil for 

45 thymine in newly-synthesized DNA. When the uracil- 
containing DNA is used as a wild-type template for 
oligonucleotide-directed in vitro mutagenesis, the comple- 
mentary (mutant) strand can be synthesized in the presence 
of deoxynucleotides, ligase and polymerase using the 

50 mutagenic oligonucleotide to prime DNA synthesis; the 
Version 2 kit utilizes unmodified T7 DNA polymerase to 
synthesize the complementary strand. When the heterodu- 
plex molecule is transformed into a host with an active 
uracil-N-glycosylase (which cleaves the bond between the 

55 uracil base and the ribose molecule, yielding an apyrimidic 
site), the uracU-containing wild-type strand is inactivated, 
resulting in an enrichment of the mutant strand. 

The coding region of GFP cDNA was cloned into the 
BamHI site of the phagemid pRSET B from Invitrogen (San 

60 Diego. Calif.). This construct was introduced into the dut, 
ung double mutant E. coli strain CJ236 provided with the 
Muta-Gene kit and superinfected with helper phage 
VCSM13 (Stratagene. La Jolla. Calif.) to produce phagemid 
particles with single-stranded DNA containing some uracils 

65 in place of foyrnine. The iiracU-containing DNA was purified 
to serve as templates for in vitro synthesis of the second 
strands using the mutagenic nucleotides as primers. The 
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DNA hybrids were transformed into (he strain XLlblue at 508 nm). In FIG. 4B. S65T; S65A; S65C; 

(available from Stratagene), which has a functional uracil- • • • wild-type (excitation at 395 run); — •— • wild-type 

N-glycosylase; this enzyme inactivates the parent wild-type (excitation at 475 nm). Excitation and emission spectra were 

DNA strand and selects for mutant clones. DNA of several measured with 1.8 nm bandwidths and the non-scanning 

colonies were isolated and checked for proper mutation by 5 wavelength set to the appropriate peak. As is apparent from 

sequencing. FIG. 4b, all three mutants exhibited substantially higher 

To express the mutant proteins, the DNA constructs intensity of emission relative to the wild-type protein, 

obtained by mutagenesis were transformed into E. coli strain FIG. 5 illustrates the rates of fluorophore formation in 

BL21(DE3)LysS (Novagen, Madison, Wis.), which has a wild-type GFP and in the Ser 65->Thr mutant E. coli 

chromosomal copy of T7 polymerase to drive expression 10 expressing either wild-type or mutant GFP were grown 

from the strong T7 promoter. At room temperature 3 ml anaerobically. At time=0. each sample was exposed to air; 

cultures were grown to saturation (typically, overnight) further growth and protein synthesis were prevented by 

without induction. Cells from 1 ml of culture were collected, transferring the cells to nutrient-free medium also containing 

washed and finally resuspended in 100 ul of 50 mM Tris pH sodium azide as a metabolic inhibitor. Fluorescence was 

8.0, 300 mMNaCl. The cells were then lysed by three cycles 15 subsequently monitored as a function of time. For each 

of freeze/thawing (liquid nitrogen/30 o C. water bath). The culture, the fluorescence intensities are expressed as a frac- 

soluble fraction was obtained by pelletting cell debris and ^ on 0 f me final fluorescence intensity obtained at ts=18 to 20 

unbroken cells in a microfuge. hours, after oxidation had proceeded to completion. From 

To facilitate purification of the recombinant proteins, the FIG. 5, it is apparent that development of fluorescence 

vector used fuses a histidine tag (6 consecutive His) to the 20 proceeds much more quickly in the mutant than in wild-type 

N-terminus of the expressed proteins. The strong interaction GFP, even after normalization of the absolute brightnesses 

between histidine hexamers and Ni 2+ ions permitted purifi- (FIGS. 4a and 4b). Therefore, when the development of GFP 

cation of the proteins by NI-NTA resin (available commer- fluorescence is used as an assay for promotor activation and 

daily from Qiagen. Chatsworth, Calif.). Microcolumns (10 gene expression, the mutant clearly gives a more rapid and 

ul bed volume) were loaded with 100 ul soluble extract (in 25 faithful measure than wild-type protein. 

50 mM Tris pH 8.0. 300 mM NaCl), washed with 10 bed FIGS. 6a and 6b illustrate the behavior of wild-type GFP 

volumes of the same buffer and with 10 volumes of the ^ me Ser gs^yhr mutant, respectively, upon progressive 

buffer containing 20 mM imidazole. The recombinant pro- ^4^0,, with ultraviolet light. Numbers indicate minutes 

teins were then eluted with the same buffer containing 100 3o of exposure t0 murnination at 280 nm; intensity was the 

mM imidazole. sam e for both samples. Wild-type GFP (FIG. 6a) suffered 

Aliquots of the purified mutant GFP proteins were run photoisomerization. as shown by a major change in the 

along with wild-type GFP on a denaturing polyacrylamide shape of the excitation spectrum, murnination with broad 

gel. The gel was stained with Coomassie blue and the protein band (240-400 nm) UV caused qualitatively similar behav- 

bands were quantified by scanning on a densitometer. Based 35 for but with less increase of amplitude in the 430-500 nm 

on these results, equal amounts of each version of protein region of the spectrum. The photoisomerization was not 

were used to run fluorescence emission and excitation reversible upon standing in the dark. This photoisomeriza- 

spectra. tion would clearly be undesirable for most uses of wild-type 

FIGS. 4a and 4b compare the excitation and emission GFP, because the protein rapidly loses brightness when 

spectra of wild-type and Ser 65 mutants. In FIG. 4a, excited at its main peak near 395 nm. The mutant (FIG. 6b) 

S65T; S65 A; S65C; — •— • wild-type (emission showed no such photoisomerization or spectral shift. 



! ) INFORMATION FOR SEQ ID NO:l: 



) SEQUENCE DESCRIPTION: SEQ ID NO:!: 



ATG ACT AAA OOA OA A OA A CTT TTC ACT OOA GTT G T C CCA ATT CTT OTT 
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-continued 




( A ) LENGTH: 238 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 



( x i ) SEQUENCE DESCRIPTION: SEQ ID NO -2: 




5,625,048 




What is claimed is: 

1. A nucleic acid molecule comprising a nucleotide 
sequence encoding a functional mutant fluorescent protein 
whose amino add sequence differs from the amino acid 
sequence of Aequorea green fluorescent protein (SEQ ID 
NO:2) by at least an amino acid substitution selected from 
the group consisting of T203L I167V, I167T, Y66H, Y66W, 
and a substitution at S65, said functional mutant having a 
different excitation or emission spectrum from Aequorea 
green fluorescent protein. 

2. The nucleic acid molecule of claim 1 encoding a protein 
comprising the substitution Y66H. 

3. The nucleic acid molecule of claim 2 encoding a protein 
having an excitation maximum at about 382 nm and an 
emission maximum at about 448 nm. 

4. The nucleic acid molecule of claim 1 encoding a protein 
comprising the substitution T203I 

5. The nucleic acid molecule of claim 4 encoding a protein 
having an excitation maximum at about 398 nm. no addi- 
tional excitation maxima near 475 nm, and an emission 
maximum at about 511 nm. 

6. The nucleic acid molecule of claim 1 encoding aprotein 
comprising the substitution Y66W. 

7. The nucleic acid molecule of claim 6 encoding a protein 
having an excitation maximum at about 458 nm and an 
emission maximum at about 480 nm. 

8. The nucleic acid molecule of claim 1 encoding aprotein 
comprising the substitution I167T or I167V. 

9. The nucleic acid molecule of claim 8 encoding a protein 
having an excitation maximum at about 471 nm and an 
emission maximum at about 502 nm. 

10. The nucleic acid molecule of claim 1 encoding a 
protein comprising a substitution at S65 and having an 
excitation maximum red-shifted compared to the main peak 
of Aequorea green fluorescent protein. 

11. The nucleic acid molecule of claim 10 encoding a 
protein comprising the substitution S65A, S65L. S65C, 
S65V. S65I or S65T. 



12. The nucleic acid molecule of claim 11, encoding a 
protein comprising the substitution S65T. 

13. The nucleic acid molecule of claim 1 wherein the 
nucleotide sequence encodes an amino acid sequence that 

35 differs from the amino acid sequence of Aequorea green 
fluorescent protein (SEQ ID NO:2) by no more than the 
amino acid substitutions selected from the group consisting 
of S202F/T203I. I167V. I167T. Y66H. Y66W, and a substi- 
tution at S65. 

14. The nucleic acid molecule of claim 13 wherein the 
40 substitution is S65T. 

15. The nucleic acid molecule of any of claims 1-12 
encoding a fusion protein wherein the fusion protein com- 
prises a polypeptide of interest and the functional mutant 
fluorescent protein. 

45 16. The nucleic acid molecule of claim 11 encoding a 
fusion protein wherein the fusion protein comprises a 
polypeptide of interest and the functional mutant fluorescent 
protein wherein the polypeptide of interest comprises a 
polyhistidine tag. 

50 17. The nucleic acid molecule of claim 1 encoding a 
fusion protein wherein the fusion protein comprises a 
polypeptide of interest, the functional mutant fluorescent 
protein and an oligopeptide spacer between the peptide of 
interest and the functional mutant fluorescent protein. 

55 18. The nucleic acid molecule of claim 11 encoding a 
protein comprising the substitution S65C. 

19. The nucleic acid molecule of claim 11 encoding a 
protein comprising the substitution S65V. 

20. The nucleic acid molecule of claim 11 encoding a 
60 protein comprising the substitution S65I. 

21. The nucleic acid molecule of claim 11 encoding a 
protein comprising the substitution S65A. 

22. The nucleic acid molecule of claim 11 encoding a 
protein comprising the substitution S65L. 

65 23. The nucleic acid of claim 14 encoding a fusion protein 
wherein the fusion protein comprises a polypeptide of 
interest and the functional mutant, fluorescent protein. 
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24. The nucleic acid molecule of claim 14 encoding a between the fusion protein and the functional mutant fluo- 
fusion protein wherein the fusion protein comprises a rescent protein. 

polypeptide of interest and the functional mutant fluorescent 
protein. 

25. The nucleic acid molecule of claim 24 wherein the 5 

nucleic acid molecule encodes an oligopeptide spacer ***** 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 5,625,048 
DATED : 4/29/97 

INVENTOR(S) : Tsien fit al 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 



Column 12, line 13. 

In SEQ ID NO:l, nucleic acid base number 239, replace the "A" with --G--. 
In SEQ ID N0:1, amino acid number 80, replace the "Gin" with --Arg--. 
In SEQ ID NO:2, amino acid number 80, replace the "Gin" with --Arg--. 



Signed and Sealed this 
Twenty-seventh Day of July, 1999 



Q. TODD DICKINSON 

■g CommisxillHi r of Pulcnls anil Tra, 



